The Tat system is a recently discovered bacterial protein transport pathway that functions primarily in the biosynthesis of proteins containing redox active cofactors. Analogous transport systems are found in plant organelles. Remarkably and uniquely the Tat system functions to transported a diverse range of folded proteins across a biological membrane, a feat that must be achieved without rendering the membrane freely permeable to protons and other ions. Here we review the operation of the bacterial Tat system and propose a model for the structural organisation of the Tat preprotein translocase. ß 2000 Elsevier Science B.V. All rights reserved.
Introduction
In bacteria the generation of energy by respiratory or photosynthetic electron transfer chains involves the cytoplasmic membrane. In order to allow protonmotive force generation by the redox loop mechanism, and to avoid the energetic costs of transporting substrate molecules (electron donors or terminal electron acceptors) obtained from the extracellular environment into the cytoplasm, a proportion of the redox active components of the electron transfer chains are always located at the extracellular side of this membrane. Thus bacterial growth in most environments depends upon the bacterium being able to produce cofactor-containing proteins in the extracellular compartment. Biosynthesis of such extracytoplasmic redox proteins must involve both protein transport across the cytoplasmic membrane and cofactor insertion into the protein. However, combining these two processes presents a severe biosynthetic problem to the cell. To understand why this is we need to consider how a protein without a cofactor is normally exported from the bacterial cytoplasm.
In Gram-negative bacteria, such as Escherichia coli, the extracellular compartment is the periplasm. Proteins are normally exported to the periplasm, or to the periplasmic side of the cytoplasmic membrane, by the Sec apparatus [1] . Proteins destined for the Sec pathway are usually synthesised as precursor proteins with N-terminal signal peptides that direct the protein to the Sec system, and that are proteolytically removed from the protein following the trans-port event. Transport by the Sec system is energised by a combination of ATP hydrolysis and the transmembrane proton electrochemical gradient. Prior to transport the substrate protein is kept in an extended conformation. The protein is then threaded through the Sec preprotein translocase and only when it reaches the periplasm does the protein fold. The problem that biosynthesis of cofactor-containing periplasmic proteins encounters is the requirement of the Sec apparatus for an essentially unstructured precursor protein. In order to stably bind cofactor the protein must fold, yet if the protein is folded it is no longer an acceptable substrate for the Sec pathway. One possible way to circumvent this problem is to transport protein and cofactor across the cytoplasmic membrane separately, and then carry out cofactor insertion in the periplasm. This is the solution adopted for proteins with some types of cofactor, primarily those of c-type cytochromes (see article by Tho « ny-Meyer in this issue [2] ). However, for periplasmic proteins containing most other types of cofactor, including iron-sulfur clusters, molybdopterin cofactors and nucleotide cofactors, the bacterium allows cofactor insertion in the cytoplasm. The cofactor-containing precursor is then targeted to an export apparatus that is completely distinct from the Sec system [3] and that has the remarkably property of being able to transport a folded proteins across a biological membrane without rendering the membrane freely permeable to protons and other ions. This Sec-independent protein transport pathway is usually called the Tat (twin arginine translocation) system [4] because targeting to the pathway involves signal peptides containing two consecutive and invariant arginine residues. An alternative Mtt designation has also been employed [5] . Here we brie£y review the major features of the bacterial Tat transport pathway as they are currently understood and propose a model for the structural organisation of the components of the Tat preprotein translocase. More detailed reviews of the Tat pathway can be found in [6^8] .
It has recently become apparent that the bacterial Tat system is structurally and mechanistically analogous to the vpH-dependent thylakoid import pathway of plant chloroplasts [9^13] . In addition, the mitochondrial genomes of all higher plants encode a protein homologous to one component of the bacterial Tat pathway suggesting that the mitochondria of plants also possess a Tat-like protein transport system [5, 14] .
Targeting to the Tat pathway
The signal peptides directing proteins to the Tat export pathway have a tripartite structure resembling that of Sec signal peptides. A basic (n-) region is followed by a hydrophobic (h-) region and then a c-region containing the recognition site for the protease that will remove the signal peptide following transport. However, several features distinguish Tat and Sec signal peptides. While Sec signal peptides show no amino acid sequence conservation, Tat signal peptides have a consensus Ser-Arg-Arg-Xaa-PheLeu-Lys amino acid sequence motif (with Xaa representing a polar amino acid) at the n-region/h-region boundary [8, 15] . Within the Tat consensus motif the arginine residues are invariant and are normally essential for transport by the Tat pathway [15^18] . Recent data, however, indicate that in certain signal peptide contexts conservative substitution of a lysine for one of the arginine residues still allows weak Tat targeting activity [15] . The non-arginine residues of the consensus motif are each present in at least 50% of Tat signal peptides. Mutating these non-arginine consensus residues, in particular substitutions at the consensus phenylalanine position, can lead to severe defects in Tat transport suggesting that the entire consensus motif is important for Tat targeting [15] . In addition to the presence of a consensus motif, Tat signal peptides di¡er from Sec signal peptides in possessing a substantially less hydrophobic h-region [17] . The reduced hydrophobicity of Tat signal peptide hregions has been demonstrated to be critical both for targeting to the Tat pathway and for avoiding e¤-cient interaction with the Sec machinery [17] . Tat signal peptides often contain basic residues in the c-region [11] . Recent mutagenesis data suggest that the presence of, or sign of, the charge in the c-region of Tat signal peptides is not a major determinant in targeting to the Tat pathway [15] . However, positively charged residues are not normally found in the vicinity of the signal peptide processing site of Sec signal peptides, and when such residues are introduced experimentally transport e¤ciency is re-duced (e.g. [19] ). It is thus possible that the positively charged c-regions found in many Tat signal peptides are an additional determinant that prevents the signal peptide functionally interacting with the Sec pathway [17] . A ¢nal di¡erence between Tat and Sec signal peptide is their length. Sec signal peptides generally comprise no more that 26 amino acids while Tat signal peptides are normally 26^60 amino acids long [8] . The additional length of Tat signal peptides is mainly due to their larger n-regions [17] . The functional signi¢cance of the greater length of Tat signal peptides is currently unclear.
Tat signal peptides undoubtedly act as Tat-speci¢c targeting determinants but could they have additional functions? It is likely that the cell has a mechanism to prevent substrate proteins accessing the Tat pathway until cofactor insertion has been completed or, in the case of hetero-oligomeric proteins exported using a single signal peptide, a multisubunit complex has been formed [3, 6] . The most obvious way to achieve such control of transport is for the signal peptide to be sequestered by speci¢c protein-protein interactions, either with conformations of the substrate protein that are no longer available in the fully folded mature protein, or by protein-speci¢c chaperones that can sense the folding state of the substrate protein. A particularly attractive idea is that the putative signal peptide-binding chaperones could be the same proteins that are involved in, and are therefore released following, cofactor insertion.
Tat pathway components
Studies in E. coli have identi¢ed two operons, tat-ABCD and tatE, coding for components of the Tat pathway (Fig. 1) . Strains with in-frame deletions in tatB, in tatC, or in a combination of both tatA and tatE, are completely defective in the translocation of precursor proteins with twin-arginine signal peptides [4, 14, 20] . Consistent with a role in transmembrane protein translocation these four genes encode integral membrane proteins [21] . TatA and TatE are more than 50% identical in sequence and both in turn exhibit weak sequence similarity to TatB. The TatA/B/ E proteins have a predicted structure in which an Nterminal transmembrane helix is followed at the cytoplasmic side of the plasma membrane by an amphipathic helix and then a sequence-variable region. TatC is predicted to contain six transmembrane helices with no extensive extramembranous domains. It has recently been demonstrated that neither the water-soluble tatD gene product, nor two other E. coli genes encoding TatD homologues are required for protein export [21] .
Genomic analysis of a wide range of bacterial species suggests that a minimum of two copies of TatA/ B/E-like proteins and one copy of a TatC-like protein is required to form a functional Tat system [6, 7] . Recent data suggest that the plant thylakoid vpHdependent transport system also utilises at least two TatA/B/E-type proteins [22] .
A model for the structural organisation of the Tat preprotein translocase
Since the essential Tat components are all integral membrane proteins we speculate that these proteins come together to form the Tat preprotein translocase. Fig. 2 depicts a model for the organisation of the Tat proteins within the translocase complex. The model was formulated on the basis of the arguments outlined in this section.
We reasoned that the translocase must, at some stage within the transport cycle, provide a water¢lled channel across the membrane through which the folded substrate proteins are transported. Since the structures of many Tat substrates are known, we can deduce that this channel must attain a diameter Fig. 1 . Organisation of the E. coli tat operons. A putative stem-loop structure lies between the tatC and tatD genes. Arrows indicate transcripts associated with the tatA locus [21] .
of at least 60 A î when fully open [6] . The channel should be surrounded by proteinaceous elements, presumably membrane-spanning K-helices. The number of transmembrane helices required to form a pore with an internal diameter of 60 A î is considerably greater than the number of predicted transmembrane helices in the known Tat components [6] . This suggests that the channel must be formed from multiple copies of at least one Tat subunit. We have recently co-puri¢ed E. coli TatA and TatB in detergent solution as a complex with a molecular mass of around 600 kDa (F. Sargent, T. Palmer and B.C. Berks, unpublished observations). The mass of this complex is similar to that inferred for the plant vpHdependent pathway translocase [23] . TatA is present in a large molar excess over TatB in the puri¢ed E. coli TatAB complex. We therefore suggest that TatA is the major channel-forming subunit of the Tat translocase. TatE is functionally interchangeable with TatA [4, 20] and so would presumably also have a channel forming function. However, our puri¢cation of an exclusively TatAB-containing complex suggests that there are probably separate TatA and TatE based translocases.
In addition to providing a transport channel for the substrate, the translocase must have a mechanism for identifying that substrate. Since targeting to the Tat pathway involves the recognition of a highly conserved amino acid sequence motif within precursor signal peptides it is likely that the translocase makes very speci¢c protein-protein interactions with the Tat signal peptide. We guess that the amino acids in the translocase that form the binding site for the twin-arginine consensus motif should be strongly conserved during evolution. TatA/B/E family proteins show only limited sequence conservation, with a glycine residue at the junction between the predicted transmembrane and amphipathic helices the only invariant residue. We therefore think it unlikely that these proteins provide the signal peptide binding site. In contrast, TatC proteins show substantial sequence conservation, and so we have proposed that TatC proteins contain the site of signal peptide recognition [6] . Note that a single copy of the TatC subunit per translocase would be su¤cient to accomplish the proposed signal peptide binding function.
In the model shown in Fig. 2 TatB is assigned the role of physically connecting, and thus mediating communication between, the TatA and TatC subunits. We know from our puri¢cation of a TatAB complex that the TatA and TatB subunits must physically interact. Since TatB has overall structural similarity to TatA we reason that TatB could act as a pseudo-TatA subunit and integrate itself into the TatA channel structure. We also know that the TatC protein is completely undetectable in a strain unable to produce TatB suggesting that TatB stabilises, and thus makes protein-protein interactions with, TatC [20] . Further, we know that increasing the ratio of TatB molecules to other Tat components prevents the Tat system from functioning [20] . A possible interpretation of this observation that is consistent with the TatB function proposed here is that, as the concentration of TatB in the cell increases, the TatB molecules bound to the TatC subunits are no longer also bound to TatA subunits. Thus the physical connection between precursor binding site and channel is broken.
Bioenergetics
The mechanism of the Tat translocase is constrained in two ways by the proton electrochemical gradient (vp) across the cytoplasmic membrane. First, by analogy to the vpH-dependent thylakoid transporter, protein translocation by the bacterial Tat translocase is likely to be energised exclusively by vp, and the e¡ects of uncouplers on Tat transport in whole bacterial cells are consistent with this idea [3, 17, 18] . However, nothing is currently know about the molecular basis of the coupling of protein transport in the Tat system to vp. Second, the mechanism of protein translocation by the Tat system must prevent substantive ion leak across the cytoplasmic membrane during the transport process to avoid uncoupling the cell. This constraint may prevent mechanisms which envisage a dynamic pore that packs around the substrate protein since it is hard to see how such packing could be su¤ciently tight to prevent the movement of protons. Instead, it is more likely that the translocase has two protonimpermeable gates that are never open simultaneously.
Clearly our studies of this remarkable and mechanistically unique protein transport pathway are at an early stage. A full understanding of the Tat system will not only be of high intellectual interest but will be fundamental to our understanding of the biogenesis of biological electron transport chains.
